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Abstract
An overview about one thermodynamic database of multi-component Mg alloys is given in this work. This thermodynamic database includes
thermodynamic descriptions for 145 binary systems and 48 ternary systems in 23-component (Mg–Ag–Al–Ca–Ce–Cu–Fe–Gd–K–La–Li–Mn–
Na–Nd–Ni–Pr–Si–Sn–Sr–Th–Y–Zn–Zr) system. First, the major computational and experimental tools to establish the thermodynamic database
of Mg alloys are briefly described. Subsequently, among the investigated binary and ternary systems, representative binary and ternary systems are
shown to demonstrate the major feature of the database. Finally, application of the thermodynamic database to solidification simulation and
selection of heat treatment schedule is described.
© 2016 Production and hosting by Elsevier B.V. on behalf of Chongqing University. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
The research and development of magnesium alloys for
practical industrial applications have overwhelmingly increased
in recent years, because of the requirement for using light-
weighted structures in automotive, aircraft, and electronic con-
sumer products [1]. Besides the excellent specific strength and
stiffness, magnesium alloys also possess many other superior
properties, such as exceptional dimensional stability, high
damping capacity, and high recycle ability [2].
The CALPHAD (CALculation of PHAse Diagram) method
[3] has become a powerful tool for material design. It can
calculate multicomponent phase equilibria and simulate the
solidification process of multicomponent alloys of industrial
relevance once a thermodynamic database has been constructed
for the targeted multicomponent system. In the past decade, a
wide spectrum of high-quality thermodynamic databases has
been developed for various specific materials and special appli-
cations [4]. One of the widely-used Mg databases using the
CALPHAD method was contributed by the Clausthal’s group
led by Prof. Rainer Schmid-Fetzer [5]. Traditional Mg alloy
systems, such as Mg–Al–Zn, Mg–Al–Ca, Mg–Al–Mn, Mg–Al–
Sn, etc. in AZ, AM and ZA series, have been critically assessed
[6]. Recently, ongoing efforts have been devoted by them to
advanced Mg–Al–RE (Rare Earth), Mg–RE–RE, Mg–Al–AE
(Alkaline Earth = Ca, Sr) systems [7]. Most of the hitherto
thermodynamic descriptions have been assembled in the
commercial Mg thermodynamic database copyrighted by
CompuTherm LLC. With the help of calculated phase dia-
grams, phase fractions, phase composition and solidification
paths, the Mg–Mn–Sc class of novel creep resistance Mg alloy
was designed with a strong annealing response due to the for-
mation of the Mn2Sc precipitates [8].
In order to predict phase equilibria and microstructure for a
wide range of magnesium alloys of industrial relevance, more
elements and phases should be incorporated in the thermody-
namic database to account for the complicated interaction
effect among alloying elements. Therefore, a thermodynamic
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database of magnesium alloys has been developed in a
23-component system (Mg–Ag–Al–Ca–Ce–Cu–Fe–Gd–K–
La–Li–Mn–Na–Nd–Ni–Pr–Si–Sn–Sr–Th–Y–Zn–Zr) in this
work, covering the Mg–Al based alloys such as AZ, AE, AJ,
AM, AS and AX, Mg–Zn–Zr alloys such as ZK60, Mg–RE
(rare earth)–Zn (EZ) alloys and Mg–RE–Zr alloys such as WE
and so on. In particular, the Mg–Zn–RE and Mg–AE–RE
systems have been critically evaluated by combing key experi-
ments and thermodynamic assessments.
The database was built up systematically from unary to
binary to ternary and higher systems. The thermodynamic
descriptions for the elements were taken from the unary SGTE
data compiled by Dinsdale [9]. Totally, 145 binary systems and
48 ternary systems were included in this magnesium alloy data-
base. In order to incorporate some ternary descriptions, several
binary descriptions were revised to be consistent with each
other. A few ternary systems in this database were actually
extrapolated from binary descriptions, and the descriptions are
believed to be acceptable. The thermodynamic parameters in
most systems were inherited from those in individual binaries
and/or ternaries, while some parameters were subjected to
partly or completely adjusted to keep the consistency. There are
currently 399 phases in the database. An extensive investigation
of the crystallography of all the solid phases had been con-
ducted in this work, and the phases having the same crystal
structure were unified as one phase. It’s worth noting that the
complete unification was hardly realized due to the complexity
and workload expense. Thus, the phases in which the mutual
solubility of elements is essentially negligible have been
described in different models.
The outline of the present paper is as follows. In Section 2,
the major computational and experimental tools to establish the
thermodynamic database of Mg alloys are briefly described.
Among the investigated 145 binary systems, a few Mg–RE
(Rare Earth) binary phase diagrams are shown in section 3. In
section 4, experimental investigation and thermodynamic mod-
eling for several ternary systems are presented. Application of
the thermodynamic database to solidification simulation and
selection of heat treatment schedule are described in section 5,
followed by the summary of the present work in section 6.
2. The major computational and experimental tools to
establish the thermodynamic database
Currently, several techniques are utilized to determine phase
diagrams. They include Thermal analysis (TA), metallography,
X-Ray Powder Diffraction (XRD), dilatometry, electrical con-
ductivity measurement and magnetic analysis methods, among
others. All these methods are based on the principle that when
a phase transition occurs in an alloy, its physical and chemical
properties, phase composition and/or structure would vary. On
the other hand, attempts have also been made to input the
first-principles computed properties, such as structural ener-
gies, enthalpy of formation, elastic and magnetic properties,
into the CALPHAD description of alloy systems [10]. The
integration of first-principles calculation and CALPHAD mod-
eling can provide fundamental information, which is usually
not accessible experimentally, and thus can supplement the
thermodynamic database.
This section will very briefly describe several important
methods for measuring phase diagrams. No attempt is made to
give an exhaustive review for these experimental methods.
However, representative phase diagrams are presented to dem-
onstrate the utilizations of these methods. Among the various
methods to determine thermodynamic properties [11], only the
widely-employed calorimetry will be briefly described.
2.1. XRD
XRD [12] is widely used to determine the presence of
phase(s) in an alloy under specified heat treatment and thus
places the alloy in the phase region with the known composition
of the phase(s), which is measured with either chemical analy-
sis or EPMA. Another essential application of XRD is the
determination of the crystal structure for a new phase [13].
The preparation of a specimen for XRD analysis is usually
the most critical factor influencing the quality of the result. The
ideal specimen is a statistically significant amount of randomly
oriented powders with a crystallite size less than 10 µm,
mounted in a manner without a preferred crystallite orientation.
The preparation method of XRD powder specimens depends on
the properties of the samples. Brittle samples can be easily
fragmented and then grinded in agate mortars without cold-
working induced internal stress. Thus prepared powder can be
directly analyzed by XRD. High-ductility metallic samples can
be made into powder by stainless files or diamond wheel
grinding.
Based on the XRD results, two methods, peak intensity
method and lattice parameter method, are usually used for the
determination of phase boundaries. The peak intensity method
is widely used in the phase diagram determination. Different
phases have different crystal structures that are characterized by
their distinctive XRD peaks. The phases in an alloy can be
determined by the XRD patterns to have either a single phase or
multiple phases. The lattice parameter method for the determi-
nation of the phase boundary of a solid solution is very straight-
forward: plot the lattice parameter against the compositions of
the alloys and find the composition at which the lattice param-
eter first becomes constant.
2.2. SEM/EDX and EPMA
Scanning electron microscopy (SEM) is one widely used
tool for phase diagram determination. For the detailed descrip-
tion on the principle of SEM and its various applications, the
reader is referred to the recent book by Goldstein et al. [14].
Two predominate imaging modes are backscattered electron
(BSE) imaging and secondary electron imaging. SEM is
usually coupled with energy dispersive X-ray microanalysis
(EDX). EDX is a micro-analytical technique that uses the char-
acteristic spectrum of X-rays emitted by the different elements
in a specimen after excitation by high-energy electrons to
obtain quantitative or qualitative information about the compo-
sition of a sample.When employed to measure a phase diagram,
EDX can provide information on compositions of individual
phases and the distribution of alloying elements.
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EPMA is another important technique for phase diagram
determination. This technique yields more accurate composi-
tion for the targeted phase in comparison with SEM/EDX. For
the exhaustive description on the principle of EPMA and its
abundant applications, the reader is referred to the recent book
by Reed [15]. EPMA is essentially a dedicated SEMwith wave-
length dispersive spectrometers (WDS) attached. The EPMA
technique is mainly used to measure the phase boundaries of
single-phase, two-phase, three-phase and even multi-phases. To
determine the triangle of the three-phase equilibria with EPMA,
only one alloy within the three-phase region is needed. Fig. 1
shows two EPMA pictures in the Mg–Ni–Y system, which can
be used to determine two three-phase regions.
2.3. DSC
Differential Scanning Calorimetry (DSC) is a thermal analy-
sis technique that measures the energy absorbed or emitted by
a sample as a function of temperature or time. When a phase
transition occurs, DSC provides a direct calorimetric measure-
ment of the energy change at the transition temperature by
subjecting the sample and an inert reference material to the
identical temperature regime in an environment heated or
cooled at a controlled rate.
Two types of DSC apparatuses are in common usage:
power-compensation DSC and heat-flux DSC. In the power-
compensation DSC (Fig. 2(a)), the temperatures of the sample
and reference are controlled independently using separated but
identical furnaces. The temperatures of the sample and the
reference are made identical by varying the power input to the
two furnaces. The energy required to do so is a measure of
the enthalpy or heat capacity changes in the sample compared
to the reference.
In the heat-flux DSC, the sample and reference are con-
nected with a low-resistance heat-flow path (a metal disc). The
assembly is enclosed in a single furnace, as illustrated in
Fig. 2(b). Enthalpy or heat capacity changes in the sample cause
a difference in its temperature relative to the reference. The
resulting heat flow is smaller compared to that in Differential
Thermal Analysis (DTA) because the sample and the reference
are in good thermal contact. The temperature difference is
recorded, and such a difference is related to the enthalpy change
of the sample during measurements.
2.4. TEM
Transmission electron microscopy (TEM) is a microscopy
technique in which a beam of electrons is transmitted through
an ultra-thin specimen, interacting with the specimen as it
passes through it. An image is formed from the interaction of
the electrons transmitted through the specimen; the image is
magnified and focused onto an imaging device, such as a fluo-
rescent screen, on a layer of photographic film, or to be detected
by a sensor such as a charge-coupled device. Specimens for
Fig. 1. EPMA photos in the Mg–Ni–Y system: (a) alloy #1 (Mg20Ni10Y70, at.%), 400 oC; (b) alloy #2 (Mg35Ni60Y5, at.%), 400 °C.
Fig. 2. Two types of DSC equipment: (a) power-compensation DSC, and (b) heat flux DSC. S = Sample, and R = Reference material.
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TEM observation were cut into 0.3 mm thick slices, and then
mechanically polished to a thickness about 50–80 um. Subse-
quently the samples were polished with ethyl alcohol quickly,
and the foils were thinned using an Ion Mill or a double jet
electrolytic polisher.
Classical experimental techniques, such as XRD, EPMA,
and SEM, usually have limits measuring volume fraction or
composition of phases. These techniques cannot provide reli-
able phase equilibrium information for very small particles.
TEM and three-dimensional atom probe (3DAP) are two prom-
ising and powerful techniques meeting these demands [16].
Thus, the reliable phase equilibrium containing tiny phases
and the corresponding phase diagram can be constructed
experimentally.
2.5. First-principles calculations
First-principles calculations based on DFT have enabled one
to compute thermodynamic and structural properties of phases
using only the atomic numbers and crystal structure informa-
tion as input. It has been demonstrated by Wolverton et al.
[17,18] and Liu et al. [19] that first-principles calculations
provide a reliable way of predicting thermodynamic data when
such data are not available in the literature.
Since different first-principles methods, such as generalized
gradient approximation (GGA) [20,21] and local density
approximation (LDA) [22], might yield somewhat different
results, it is recommended to employ different methods to
compute the investigated properties. Such calculations can
provide “the experimental error bar” if individual first-
principles calculations are considered to be individual
experiments.
2.6. CALPHAD
It is well established that first-principles calculations and
related atomistic simulations can provide plentiful information
on structural, thermodynamic, kinetic, mechanical, and other
material properties. By means of the powerful software, such as
Thermo-calc [23], Pandat [24], FACT [25], and MTDATA [26],
thermodynamic parameters for various thermodynamic models
can be obtained via standard optimization procedures.
Fig. 3 shows the flow chart of CALPHAD. It was first intro-
duced by Kaufman and Bernstein [27,28]. Later Hari Kumar
and Wollants [29] illustrated the CALPHAD method in a befit-
ting way. It is based on minimization of the Gibbs free energy
of the system and is thus, not only completely general and
extensible, but also theoretically meaningful [28]. After satis-
factory optimization of the parameters, the thermodynamic
database of magnesium alloy can be established.
3. Mg–RE binary systems
Our established thermodynamic database for Mg alloys
includes the thermodynamic descriptions for 145 binary
systems. In this review paper, we present our work about several
Mg–RE binary phase diagrams.
The lanthanides have similar electronic structure, thus the
phases present in Mg–RE binary systems show similarities. All
these Mg–RE binary systems may be categorized into three
sub-groups: (1) Mg–light RE (RE = La, Ce, Pr, Nd, Pm, Sm)
with a prototype of Mg–La or Mg-Nd, (2) Mg–heavy RE
(RE = Gd, Tb, Dy, Ho, Er, Tm) with a prototype of Mg–Y
binary system, and (3) other two, i.e. Mg–Eu and Mg–Yb
binary systems do not share any similarities with other systems
[30].
Mg–La and Mg–Ce systems include the intermetallic com-
pounds with same stoichiometric ratios. Mg12RE, Mg17RE2,
Mg41RE5, Mg3RE, Mg2RE, and MgRE are stable phases pre-
sented in phase diagram. In Mg–Pr binary system, all the
phases listed above except for Mg17RE2 are present. In Mg–Nd
and Mg–Sm binaries, both Mg12RE and Mg17RE2 are absent,
but a Mg5Sm phase is additionally included. Thus, in the first
Fig. 3. Flow chart of CALPHAD.
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group, Mg41RE5, Mg3RE, Mg2RE, MgRE phases are usually
discovered. Mg2RE is only stabilized at elevated temperature.
MgRE has an ordered BCC structure and is always in equilib-
rium with the solid solution phase at RE-rich part. In contrast to
the previous database [31], Mg2RE and MgRE phases are
treated as two-sublattice model, considering the detected solid-
solubility when the third element is added to form a multicom-
ponent system. Increasing with the atomic number, the phase
being in equilibrium with (Mg) varies from Mg12RE to
Mg41RE5, then converts to Mg5RE. However, the phase with the
specific stoichiometric ratio may serve as metastable phase
presented in as-cast microstructure. A typical example lies in
the Mg12Nd phase in Mg–Nd binary. Mg12Nd is always found
after water-quench, while experiments have proven that it can
evolve into Mg41Nd5 after long-term annealing [32]. Fig. 4
presents the calculated Mg–La [33] and Mg–Nd [34] binary
phase diagrams.
In the second group (RE = Gd, Tb, Dy, Ho, Er, Tm), Mg5RE
is the phase adjacent to (Mg) in Mg–Gd andMg–Tb systems. In
the remaining systems, Mg24RE5 is in equilibrium with (Mg).
The phases are unanimously introduced via peritectic reactions
from high temperature RE-rich part. The series of peritectic
reactions is followed by a eutectic reaction among liquid, (Mg)
and the phase being in equilibrium with (Mg) at Mg-rich part.
The phase being in equilibrium with (Mg) is Mg5RE or
Mg24RE5, which is alternatively present in phase diagrams. The
only exception is Mg–Tb, in which both phases are viewed as
thermodynamically stable ones. In contrast with the Mg–light
RE systems, Mg2RE(C15) is stabilized in the entire temperature
region from room temperature to melting. Thus, Gd indeed
serves as a dividing line for light and heavy rare-earth elements
[31]. Increasing with the atomic number, the phase being in
equilibrium with (Mg) varies from Mg5RE to Mg24RE5 in this
group. Due to the structural complexity of Mg5RE, the phase
stability has not been precisely evaluated by physicals sound
first-principles calculations. In the following section the readers
will find out that the addition of other elements, such as Ca and
Sr, would increase the thermodynamic stability of Mg41RE5,
leading to the presence of Mg41RE5 is in equilibrium with (Mg).
In this perspective, the evaluation of ternary phase diagram as
well as the stability of individual phases against composition
changes is crucial to composition and phase design for the
development of novel Mg alloys.
4. The ternary subsystems
The presently established thermodynamic database for Mg
alloys includes thermodynamic descriptions for 48 ternary
systems. These descriptions are obtained via a hybrid approach
of experiment, first-principles calculation and CALPHAD
approach. To conserve space, several ternary systems in the
Mg–Zn–RE, Mg–RE1–RE2 and Mg–(Ca,Sr)–RE are demon-
strated in the following.
4.1. Mg–Zn–RE
Considerable efforts have been made on the development of
thermodynamic database of Mg–Zn–RE systems and the under-
standing of the phase transformation in alloys because of a
combination of impressive yield strength, good elongation and
improved creep-resistance in this class of magnesium alloys. In
Clausthal’s database, the Mg–Zn–Gd [35,36] and Mg–Zn–Y
[37] systems were critically assessed with power exponent
functions to describe the energies of end members. In our
database, more ternary systems were incorporated, including
Mg–Zn–Ce [38], Mg–Zn–Gd [39], Mg–Zn–La [33],
Mg–Zn–Nd [34], Mg–Zn–Pr [38], Mg–Zn–Sm [38], etc. To
keep the consistence with other RE contained systems in
the multi-component alloys, the simple a + bT parametric
Fig. 4. Calculated Mg–La [33] and Mg–Nd [34] binary systems.
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formalism was adopted to describe the energy deviation from
that of mechanical mixture. Although the energy expressions
are different, the phase diagram and thermodynamic properties
can be almost equivalently predicted by Clausthal’s and our
databases.
4.1.1. Mg–Zn–La
Mg–Zn–La ternary system was experimentally investigated
by Dobatkina et al. [40,41], Li et al. [42,43] and Huang et al.
[44]. The isothermal sections at 573 K [41,42], 623 K [43] and
673 K [44] for the entire composition range were measured. A
continuous solid solution phase of (Mg,Zn)17La2 was found
extending traversing the composition range of 10.53 at.%.
Mg3La and MgLa showed noticeable solubility of Zn. Only one
ternary compound V (La0.05Mg0.42Zn0.53) was identified, which
was not found in any other Mg–Zn–RE system. The thermody-
namic description in our database was assessed based on the
previous experimental findings. The calculated isothermal
section at 573 K is illustrated in Fig. 5.
4.1.2. Mg–Zn–(Pr, Nd)
In this group of Mg–Zn–RE systems, four ternary
compounds, namely τ1–Mg7RE1Zn12, τ2–Mg7RE2Zn11,
τ3–Mg6RE1Zn3, τ4–Mg6RE3Zn11 were found by Kinzhibalo
et al. [45]. The trend was evidenced in the systems of RE = Pr,
Nd. The present authors [34,38] performed thermodynamic
modeling on both ternary systems by representing isothermal
section at 573 K, as shown in Fig. 6. In the thermodynamic
description, the four ternary compounds were individually
treated as the stoichiometric compounds. After the release of
our database, the experimental investigations on these systems
indicate that there is only one ternary phase at the low-RE side
with solubility along the Mg–Zn binary direction [46]. The
τ2 and τ3 were suggested to be consistently modeled as
(Mg,Zn)9RE1. However, the crystallographic structure informa-
tion didn’t support the conclusion, since the tetragonal structure
of τ2 was in contrast with hexagonal structure of τ3 [47]. Thus,
the four ternary intermetallic compounds were insisted to be
individually modeled as stoichiometric phases in our thermo-
dynamic database.
4.1.3. Mg–Zn–Ce
The phase relations of Mg–Zn–Ce ternary system were
between those the above two classes. The τ1–Mg7RE1Zn12
and τ4–Mg6RE3Zn11 were confirmed to be present in the
ternary, while another phase with the composition of
τ5–(Ce)0.05(Mg)0.42(Zn)0.53 close to that of V phase in
Mg–Zn–La system (as shown in Fig. 5). The calculated isother-
mal section at 570 K and liquidus are shown in Fig. 7.
4.1.4. Mg–Zn–(Gd, Sm, Y)
In this group of Mg–Zn–RE systems (RE = Gd, Sm, Y), the
miscellaneous phases are experimentally discovered [35,36].
The long-period stacking ordering phases (mainly 14H and/or
18R) [39,47], icosahedral quasi-crystalline phase (I phase) [35]
and W phase [35] are found to be inequilibrium with (Mg) in
the three systems. That indicates a wealth of potential precipi-
tates in the (Mg) solid solution beyond the richness of binary
intermetallics read from binary phase diagrams. Thus, the alloy
systems in this group have drawn extensive attention in alloy
design [48,49]. In the Zn-rich corner, more intermetallic phases
were found. Z phase (Y0.05Mg0.28(Mg,Zn)0.65) was proven its
presence in Mg–Zn–Y system; F (Gd20Mg19Zn81) phase is sta-
bilized in Mg–Zn–Gd system [39,45]. In addition, H phase
Fig. 5. Calculated isothermal section of Mg–Zn–La system at 573 K.
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originating from REZn5 phase was identified in both systems.
The only difference lay in the continuous solid solubility of
the phase in Mg–Zn–Y, in contrast with the split H1 and H2
phases in Mg–Zn–Gd system. H2 phase with composition
Gd0.15Mg0.15Zn0.7 was viewed as metastable phase, while the
thermodynamic stable H1 phase showed a small compositional
deviation from H2. The investigation of phase equilibria and
phase transformation in Mg–Zn–Y [50] and Mg–Zn–Gd
[39,48,49] alloys can resort to reported literatures, thus we need
not be repeated. In this paper, we present the phase equilibrium
of Mg–Zn–Sm system calculated from the database. In Mg–Zn
rich part, LPSO, I and W phases were in equilibrium with
Fig. 6. Calculated isothermal sections of Mg–Zn–Nd [34] and Mg–Zn–Pr [38] systems at 573 K.
Fig. 7. Calculated isothermal section of Mg–Zn–Ce system at 570 K.
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different boundary binary phases in Fig. 8. Employing devel-
oped database and Scheil model, the solidification path of
Mg-rich alloy can be validated against the solidification of alloy
Mg–10Zn–5Sm (wt.%) in Ref. [34]. It undergoes a crystalliza-
tion procedure starting from (Mg) primary and ending with a
LPSO phase. The predicted solidification curve is consistent
with what we observe on the SEM image of as-cast microstruc-
ture, demonstrating the robustness of our thermodynamic
database.
4.2. Mg–RE–RE
The thermodynamic descriptions for Mg–RE–RE are
derived from the fantastic experimental study combined with
thermodynamic assessments by the group members in
Clausthal [8]. The systems include Mg–Ce–Nd, Mg–Ce–Y,
Mg–Gd–Y, Mg–La–Nd, Mg–Ce–La, etc. [51–53] Additionally,
we present the recently assessed results of Mg-Gd-Nd system
[38]. On the isothermal section of 673 K, the Mg5Gd phase with
ternary extension is evolving as remarkable solid solutions
from Mg–Gd binary. In comparison, the solid solubility of
Mg41Nd5 in ternary system is narrow than that of Mg5Gd,
showing a limit around 2.5 at.% Gd. The liquidus projection at
Mg-rich corner is covered up by four primary crystallization
regions, namely (Mg), Mg5Gd, Mg41Nd5 and Mg3Nd. Fig. 9
shows the calculated isothermal of Mg–Nd–Gd system at
573 K and the liquidus projection of this system.
4.3. Mg–(Ca,Sr)–RE
Mg–AE–RE alloy systems have the similar phase relation-
ships. In this paper, RE = Nd, Gd are taken as representative
examples of light and heavy RE elements to elucidate the dis-
cipline of phase relations.
4.3.1. Mg–Sr–Nd and Mg–Ca–Nd
The thermodynamic database of the Mg–Sr–Nd ternary
system in the context of the CALPHAD approach is developed
by microstructure examination, phase analysis and DSC mea-
surement on the equilibrated ternary alloys assisted with the
first-principles calculations by present authors [54]. The ther-
modynamic modeling based on the assessed parameters is
capable of fully representing the isothermal section, the
liquidus projection, the invariant reactions and the solidification
pathway, therefore offering a panoramic picture of phase
diagram and thermochemistry for the Mg–Sr–Nd ternary
system at the Mg-rich corner, as shown in Fig. 10.
In Mg–Sr–Nd ternary system, there is no true ternary inter-
metallic compound found to be stabilized in the internal part of
Gibbs triangle. The Mg41Nd5 phase extends its solid solubility
up to ~5% Sr, which is also evidenced in Mg–Ca–Nd system
since Ca and Sr belong to the same Alkaline Earth group. The
isothermal section of 673 K shows a broad two-phase equilib-
rium region of (Mg)+Mg41Nd5, leaving a window for tuning the
composition and microstructure. The alloys with compositions
in the remaining phase regions at Mg-rich corner, i.e.
{(Mg)+Mg17Sr2} and {(Mg)+Mg41Nd5 + Mg17Sr2} have been
proven not suitable for engineering application due to the
brittleness of Mg17Sr2. The liquidus projection at Mg-rich
corner is dominated by (Mg), Mg41Nd5 and Mg17Sr2 phase
fields. To avoid coarse brittle Mg17Sr2 phase, the alloy compo-
sitions with Mg17Sr2 primary crystal cannot be selected.
Fig. 8. Calculated isothermal section of Mg–Zn–Sm system at 573 K [38].
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A representative solidification path for Mg–2.52at.%
Nd–3.31 at.%Sr alloy is predicted and plotted in Fig. 11 on the
liquidus projection. It depicts the microstructure development
from the (Mg) primary crystals to the coarse [(Mg) + Mg17Sr2]
eutectics when the composition of liquid reaches the
(Mg) + Mg17Sr2 mono-variant line and then to the fine
[(Mg) + Mg41Nd5 + Mg17Sr2] ternary eutectics where complete
solidification occurs. The simulated solidification path well
presents what observed in SEM images.
In Mg–Ca–Nd system similarly, Mg41Nd5 also extends solid
solubility into the internal part of the ternary. {(Mg) + Mg2Ca +
Mg41Nd5} three-phase equilibria dominate the Mg-rich corner.
Fig. 9. Calculated phase relations of Mg–Nd–Gd system: (a) isothermal section at 573 K; (b) liquidus projection.
Fig. 10. Calculated phase relations of Mg–Sr–Nd system: (a) isothermal section at 673 K; (b) liquidus projection [54].
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Since the brittleness of the Laves phase needs to be avoided, it
leaves a narrow window of {(Mg) + Mg41Nd5} two-phase equi-
librium region to tune the alloy composition and microstruc-
ture. The composition of the alloy in which Mg2Ca serves as
primary crystal or precipitates as bulked continuous second
phase at grain boundary is not suitable to be selected.
4.3.2. Mg–Sr–Gd and Mg–Ca–Gd
The development of thermodynamic description of
Mg–Sr–Gd and Mg–Ca–Gd ternary systems are also achieved
by representing the experimental discoveries [55]. Fig. 12
shows the calculated isothermal sections at 673 K. In both
systems, the phase τ-Mg41RE5 was stabilized by the addition of
the Ca or Sr element and is assumed to be introduced via
the peritectoid phase transformation. The Mg5Gd phase with
ternary extension is evolving as solid solutions from binary
intermetallic phase, where Gd is substituted by Sr or Ca with
limited solubility up to ~5 at.%. The (Mg), Mg5Gd, τ-Mg41RE5
and their combination may serve as target phase constitution for
alloys design. By controlling the alloy composition in the phase
Fig. 11. Microstructures of Mg–2.52Nd–3.31Sr alloy: (a) experiments; (b) Scheil simulated solidification paths [54].
Fig. 12. Calculated isothermal sections at 673 K: (a) Mg–Sr–Gd; (b) Mg–Ca–Gd [55].
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fields of above three phases, the microstructure can be tailored
for specific application.
Therefore, we understand that the alkaline earth elements,
such as Ca and Sr have the ability to effectively increase the
stability of Mg41RE5. The generation of ternary intermetallic
compound of Mg41RE5 doesn’t narrow the composition window
for phase and microstructure tuning but enriches the combination
of precipitate hardening in heat treatment. Meanwhile, the solid-
state reaction introduced Mg41RE5 never serve as a primary
crystal thus would not do effects on the as-cast microstructure.
5. Application of the thermodynamic database to
solidification simulation and homogenization heat
treatment and age hardening
5.1. Solidification simulations for Mg alloys
In order to test the validity of the current Mg-alloy database,
some commercial Mg-alloy systems like AZ91, AZ91D, AZ31,
AM50A, AM60B, AE42, AE44, AS21, AS31, MRI 153M,
AJ52, AJ62, MSR-B, Elektron 21, ZK60, ZA104, ZA104 + Ce,
ZA104+Ca, ZA104 + Ca&Ce, ZA124, ZAX12406, ZAJ12406,
ZA52, ZA52 + Y, ZAXE05613, ZAXLA05613, Mg–Al–Ca–
Sr, Mg–Gd–Y–Zr, Mg–Gd–Zr–Nd–Y, Mg–Y–Nd–Gd–Zr,
Mg–Zn–Nd–Y–Zr, Mg–Zn–Al–Nd and Mg–Zn–Ca–Ce have
been tested mainly by comparing constituent phases obtained
by non-equilibrium solidification simulation with those of the
as-cast alloys reported in the literatures. In some alloy systems,
metastable phases absent in the database are liable to readily
precipitate in experimental condition of short time aging at a
specific temperature. Since the metastable phase will inevitably
transform into a stable one after long-time aging, the database
is checked to be valid when the phase in the calculation is the
equilibrium one corresponding to the metastable phase found in
experiments. For all the systems being tested, the compositions
which are used in the calculations, constituent phases present
in experiments and calculations, are listed in Table 1. The
calculated non-equilibrium solidification curves and mole frac-
tion of phases versus temperature curves are also shown as
follows.
A phase constitutions are obtained by nonequilibrium solidi-
fication for AZ91, AZ91DZ31, AM50A, AM60B, AE42, AE44,
AS21 andAS31 systems; the final cation simulation agrees well
with those of the as-cast alloy reported in the literature. The
Fig. 13. Scheil solidification calculations of the Mg–8.8Al–0.67Zn–0.22Mn
(AZ91D) alloys.
Fig. 14. Scheil solidification calculations of the Mg–10.06Gd–1.13Y–0.47Zr alloys: (a) the whole solidification region; (b) enlarged region of end of solidification.
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Table 1
Compositions of the Mg-alloy systems and phase constitution obtained by experiments and calculations.
Mg-alloy systems Phases detected by experiments* Phases obtained by calculation† Comments Ref.
Mg-8.82Al-0.91Zn-0.31Mn (AZ91) HCP, AlMg_γ_A12 HCP, AlMg_γ_A12, Al4Mn The amount of the Al4Mn phase
by calculation is trace.
[56]
Mg-8.8Al-0.67Zn-0.22Mn (AZ91D) HCP, AlMg_γ(A12) HCP, AlMg_γ(A12), Al4Mn [57]
Mg-3Al-1Zn-0.3Mn (AZ31) HCP, AlMg_γ(A12) HCP, AlMg_γ(A12), Al4Mn [58]
Mg-5Al-0.3Mn-0.1Zn (AM50A) HCP, AlMg_γ(A12) HCP, AlMg_γ(A12), Al4Mn [59]
Mg-6Al-0.3Mn-0.1Zn (AM60B) HCP, AlMg_γ(A12) HCP, AlMg_γ(A12), Al4Mn [60]
Mg-4Al-1Ce-0.5La-0.5Nd-0.2Mn-
0.2Zn (AE42)
HCP, AlMg_γ(A12)γ HCP, AlMg_γ(A12), Al11Ce3, Al11La3_L,
Al3Nd, Al4Mn
EDS analysis reveals that the
microstructure contains irregular
Mn-rich and needle shaped
RE-rich phases, which could not
be identified by X-ray diffraction.
[61]
Mg-4Al-2Ce-1La-1Nd-0.2Mn-0.2Zn
(AE44)
HCP, Al11RE3, Al3RE HCP, Al11Ce3, Al11La3_L, Al3Nd,
Al8Mn5_D810
[61]
Mg-2.2Al-0.98Si-0.16Mn (AS21) HCP,Mg2Si,AlMg_γ(A12) (trace) HCP, Mg2Si, AlMg_γ(A12), Al4Mn The amounts of AlMg-ε and τ
phases by calculation are trace.
[62]
Mg-3.43Al-0.852Si-0.289Mn-0.13Zn
(AS31)
HCP, Mg2Si, AlMg_γ(A12) (trace) HCP, Mg2Si, AlMg_γ(A12), Al4Mn [63]
Mg-7.95Al-0.98Ca-0.2Mn-0.27Sr
(MRI 153M)
HCP, (Mg,Al)2Ca(C36),
AlMg_γ(A12), Al8Mn5
HCP,Al38Mg58Sr4, AlMg_γ(A12), Al4Mn [64]
Mg-5Al-1.95Sr (AJ52) HCP, Al4Sr, Al3Mg13Sr HCP, Al38Mg58Sr4 The amounts of AlMg-ε and τ
phases by calculation are trace.
[65]
Mg-6Al-2.4Sr (AJ62) HCP, Al4Sr, AlMg_γ(A12)(trace) HCP, Al38Mg58Sr4 The amounts of AlMg-ε and τ
phases are trace.
[65]
Mg-2.4Ag-2.125Nd-0.375Pr-0.42Zr
(MSR-B)
HCP, (Mg,Ag)12Nd, Mg4Ag HCP, Mg41Nd5, Mg41Pr5, Mg4Ag Mg12Nd is metastable one in the
database; The amount of Mg41Pr5
by calculation is trace.
[66]
Mg-1.2Gd-2.7Nd-0.49Zr-0.4Zn
(Elektron 21)
HCP, Mg12(Nd,Gd) HCP, Mg41Nd5 Mg12Nd is metastable one in the
database; The amounts of
W_MgGdZn and Mg5Gd phases
by calculation are little.
[67]
Mg-5.88Zn-0.48Zr (ZK60) HCP, MgZn2, MgZn, Zn2Zr HCP, Mg7Zn3, Zn2Zr [68]
Mg-10.3Zn-4.4Al (ZA104) HCP, τ HCP, MgZn, τ Al5Zn3Ce3 and Al6Zn2Ce2 are not
included in the current Mg-alloy
database; τ1’ and τ2’ are
isomorphous to τ.
[69]
Mg-9.6Zn-3.6Al-0.6Ce HCP, τ, Al5Zn3Ce2, Al6Zn2Ce2 HCP, MgZn, τ, Al11Ce3 [69]
Mg-10.3Zn-4.3Al-2.0Ce HCP, τ, Al5Zn3Ce2, Al6Zn2Ce2 HCP, MgZn, τ, Al11Ce3 [69]
Mg-10.6Zn-4.3Al-3.5Ce HCP, τ, Al5Zn3Ce2, Al6Zn2Ce2 HCP, MgZn, τ, Al11Ce3 [69]
Mg-10.9Zn-4.2Al-0.25Ca HCP, τ1’, τ2’ HCP, Laves_C15, Mg7Zn3, τ [69]
Mg-10.3Zn-4.4Al-0.27Ca-0.5Ce HCP,τ1’,τ2’, Al5Zn3Ce2, Al6Zn2Ce2 HCP, Al11Ce3, Laves_C15, Mg2Zn3 [69]
Mg-10.3Zn-3.9Al-0.26Ca-2.0Ce HCP, τ1’, τ2’, Al5Zn3Ce2, Al6Zn2Ce2 HCP, Laves_C15, Mg2Zn3 [69]
Mg-9.6Zn-3.8Al-0.26Ca-3.4Ce HCP, τ1’, τ2’, Al5Zn3Ce2, Al6Zn2Ce2 HCP, Laves_C15, Mg2Zn3 [69]
Mg-12Zn-4Al (ZA124) HCP, Q HCP, MgZn, τ Q is a quasi-crystalline phase with
almost the same composition as τ.
[70]
Mg-12Zn-4Al-0.6Ca (ZAX12406) HCP, Φ, τ HCP, Laves_C15, Mg7Zn3, τ [70]
Mg-12Zn-4Al-0.6Sr (ZAJ12406) HCP, ε(Mg51Zn20), τ HCP, MgZn,τ, Al38Mg58Sr4 MgZn is the prodcuct from
decomposition of Mg51Zn20; There
is little amount of Al38Mg58Sr4
based on the calculated results.
[70]
Mg-4.79Zn-1.67Al (ZA52) HCP, Mg51Zn20, MgZn HCP, MgZn, τ [71]
Mg-4.83Zn-1.57Al-0.58Y (ZA52Y1) HCP, Mg51Zn20, MgZn, Al2Y HCP, MgZn, τ, Z [71]
Mg-4.94Zn-1.45Al-1.78Y (ZA52Y2) HCP, MgZn, Al2Y, Al11Y3 HCP, MgZn, Z [71]
Mg-5.04Zn-1.47Al-2.44Y (ZA52Y3) HCP, Mg51Zn20, MgZn, Al2Y, Al11Y3 HCP, MgZn, Z [71]
Mg-0.53Zn-5.97Al-0.99Ca-1.47Ce-
0.735La-0.588Nd-0.147Pr-0.24Mn
(ZAXE05613)
HCP, Laves_C15, Al11RE3, Al2RE HCP, Al11Pr3, Al11Ce3, Al11La3_L,
Laves_C15, Al4Mn, AlMg_γ(A12)
The little amount of AlMg_γ(A12)
phase by calculation can be
neglected.
[72]
Mg-0.47Zn-5.44Al-0.89Ca-2.96La-
0.21Mn (ZAXLa05613)
HCP, Laves_C15, Al11La3 HCP, (Mg,Al)2Ca (C36),
Al11La3_L, Al4Mn, AlMg_γ(A12)
[72]
Mg-5Al-3Ca HCP, (Mg,Al)2Ca (C36), Mg2Ca
(C14)
HCP, (Mg,Al)2Ca (C36) [73]
Mg-5Al-2.75Ca-0.25Sr HCP, (Mg,Al)2Ca (C36), Mg17Sr2 HCP, (Mg,Al)2Ca (C36), Mg17Sr2 [73]
Mg-5Al-2Ca-1Sr HCP, (Mg,Al)2Ca (C36), Mg17Sr2 HCP, (Mg,Al)2Ca (C36), Mg17Sr2 The amount of the Al4Sr phase is
little.
[73]
Mg-5Al-3Sr HCP, Mg17Sr2, Al4Sr HCP, Al4Sr The amounts of Al38Mg58Sr4,
AlMg_γ(A12), AlMg_ε and τ
phases are little.
[73]
(continued on next page)
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simulated solidification curve of AZ91D alloys is illustrated in
Fig. 13.
For Mg–Gd–Y–Zr and Mg–Gd–Zr–Nd–Y alloys, the simu-
lated solidification curves from the Scheil model are shown
in Figs. 14–15, while the simulated results from equilibrium
condition are presented in Table 1. The phases present in
as-cast microstructure were consistent with the results of
the Scheil model. For the Mg–Gd–Y–Zr alloy, HCP(Mg)
phase first precipitates from the liquid alloy, and it is followed
by the eutectic reaction (liquid→GdMg5 + HCP(Mg)) with
temperature decreasing, ending up with a ternary eutectic
reaction (liquid→GdMg5 + HCP(Mg) + Mg24Y5) under Scheil
conditions.
For the Mg-Gd-Zr-Nd-Y alloy, HCP(Mg) phase first
precipitates from the liquid alloy, and it is followed by
the eutectic reaction (liquid→Mg41Nd5+HCP(Mg)) with
temperature decreasing, ending up with a ternary eutectic
reaction (liquid→Mg41Nd5+HCP(Mg) + Mg24Y5) under Scheil
conditions.
Table 1 (continued)
Mg-alloy systems Phases detected by experiments* Phases obtained by calculation† Comments Ref.
Mg-10.06Gd-1.13Y-0.47Zr HCP, Mg5Gd, Mg24Y5 HCP, Mg5Gd, Mg24Y5 β′ is the metastable phase of
Mg5Gd; The Mg24Y5 phase in the
equilibrium solidification
simulation can be neglected when
there is little amount of it.
[74]
HCP, β′ (AA) HCP, Mg5Gd (EQ)
Mg-10.11Gd-2.45Y-0.45Zr HCP, Mg5Gd, Mg24Y5 HCP, Mg5Gd, Mg24Y5 [74]
HCP, β′ (AA) HCP, Mg5Gd, Mg24Y5 (EQ)
Mg-10.09Gd-5.18Y-0.43Zr HCP, Mg5Gd, Mg24Y5 HCP, Mg5Gd, Mg24Y5 [74]
HCP, β′ (AA) HCP, Mg5Gd, Mg24Y5 (EQ)
Mg-7.5Gd-0.35Zr-2.8Nd HCP, Mg5Gd, Mg41Nd5 HCP, Mg5Gd, Mg41Nd5 The phases Mg41Nd5 and Mg24Y5
in the equilibrium solidification
simulation can be neglected when
their amount is little.
[75]
HCP, Mg5Gd (AA) HCP, Mg5Gd, Mg41Nd5 (EQ)
Mg-7.8Gd-0.38Zr-2.1Nd-1.1Y HCP,Mg5Gd, Mg41Nd5, Mg24Y5 HCP, Mg5Gd, Mg41Nd5 [75]
HCP, Mg5Gd (AA) HCP, Mg5Gd, Mg41Nd5, Mg24Y5 (EQ)
Mg-7.1Gd-0.43Zr-0.9Nd-1.9Y HCP,Mg5Gd, Mg41Nd5, Mg24Y5 HCP, Mg5Gd, Mg41Nd5, Mg24Y5 [75]
HCP, Mg5Gd (AA) HCP, Mg5Gd, Mg41Nd5, Mg24Y5 (EQ)
Mg-7.3Gd-0.24Zr-2.7Y HCP, Mg5Gd, Mg24Y5 HCP, Mg5Gd, Mg24Y5 [75]
HCP, Mg5Gd (AA) HCP, Mg5Gd, Mg24Y5 (EQ)
Mg-4.77Y-2.85Nd-0.52Zr HCP, β(Mg14Nd2Y), Mg24RE5 HCP, Mg41Nd5, Mg24Y5 Mg5RE are not present in the final
solidification based on the
calculated result; β phase, whose
composition changes with the
increasing of the Gd content, is
not included in the Mg-database.
[76]
Mg-4.72Y-2.82Nd-1.93Gd-0.54Zr HCP, β(composition not given),
Mg24RE5
HCP, Mg41Nd5, Mg24Y5 [76]
Mg-4.65Y-2.75Nd-3.82Gd-0.54Zr HCP, β(composition not given),
Mg24RE5, Mg5RE
HCP, Mg41Nd5, Mg24Y5 [76]
Mg-4.41Zn-0.33Zr HCP, Zn2Zr3, Mg4Zn7 (Mg2Zn3) HCP, Mg7Zn3, Zn2Zr τ3 and τ1 are described as
Mg0.6Nd0.1Zn0.3 and
Mg0.35Nd0.05Zn0.6 in the databse,
respectively; Zn2Zr is too stable.
[77]
Mg-4.47Zn-1.19Nd-0.35Zr HCP,τ3(Mg52.6Zn39.5MM7.9) HCP, Mg7Zn3, τ3, Zn2Zr [77]
Mg-4.36Zn-1.97Nd-0.33Zr HCP, τ3(Mg52.6Zn39.5MM7.9),
W(Mg3Y2Zn3)
HCP, τ1, τ3, Zn2Zr [77]
Mg-4.28Zn-1.85Nd-0.59Y-0.35Zr HCP, W HCP, Mg41Nd5, τ3, W, Zn2Zr The amount of Mg41Nd5 phase by
calculation is little.
[77]
Mg-4.50Zn-1.93Nd-0.92Y-0.30Zr HCP, W HCP, Mg41Nd5, τ3, W, Zn2Zr [77]
Mg-4.79Zn-1.67Al HCP, Mg51Zn20(Mg7Zn3) HCP, MgZn, τ τ1 and τ are so stable that Al2Nd
and Al11Nd3 compounds do not
appear; MgZn is the product of
decomposition of Mg51Zn20.
[78]
Mg-4.9Zn-1.74Al-0.65Nd HCP,Mg51Zn20(Mg7Zn3), Al2Nd,
MgZn
HCP, MgZn, τ1, τ [78]
Mg-4.71Zn-1.73Al-1.36Nd HCP,Mg51Zn20(Mg7Zn3), Al2Nd,
Al11Nd3, MgZn
HCP, MgZn, τ1, τ [78]
Mg-4.27Zn-1.79Al-4.12Nd HCP, Al11Nd3, MgZn HCP, Al2Nd, MgZn [78]
HCP, Al11Nd3, Al2Nd (AA) HCP, τ1, Al3Nd, Al2Nd (EQ)
Mg-6Zn-5Ca-3Ce HCP,Mg2Ca,Ca2Mg6Zn3,
Mg12Ce,Mg51Zn20, Mg2Zn3, MgZn2
HCP, Ca2Mg6Zn3, Laves_C14(Mg2Ca,
MgZn2), Mg12Ce
The intensity of the X-ray peaks
for Mg51Zn20 and Mg2Zn3 phases
is very weak according to
literature.
[79]
HCP, Ca2Mg6Zn3, Mg51Zn20,
Mg2Zn3, Mg2Ca,MgZn2 ,Mg12Ce,
HCP, Ca2Mg6Zn3, Laves_C14(Mg2Ca,
MgZn2), Mg12Ce
* This column refers to the constituent phases of as-cast alloys unless specified.
† Phases in this column are obtained by non-equlibrium solidification simulation unless specified.
AA, After Aging; EQ, Equilibrium solidification.
Fig. 15. Scheil solidification calculations of the Mg–4.65Y–2.75Nd–3.82Gd–
0.54Zr alloys.
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The calculated phase fractions for solidification of these two
alloys (Mg–Gd–Y–Zr and Mg–Gd–Zr–Nd–Y) are shown in
Fig. 16(a) and (b). We can find out that there are several inter-
metallic compounds forming until the temperature is under
550 °C, which is very important for the heat treatment scheme
for the Mg alloys.
5.2. Heat treatment scheme for Mg alloys
Based on the thermodynamic calculations, homogenization
heat treatment and age-hardening conditions of Mg-alloy
system can be evaluated. Heat treatment of Mg-alloys is aiming
at homogenization of the common segregation after solidifica-
tion and microstructural engineering by precipitation effects.
Homogenization of Mg-alloys requires the existence of a (Mg)
single phase field in the phase diagram, and the existence of
solid state two-phase or multi-phase fields (Mg) + precipitate(s)
is essential for microstructural engineering by precipitation
hardening through ageing treatment. The Mg–Gd–Mn system
was treated as an example to explain the method to choose the
applicational composition and temperature of Mg-alloys. Using
the thermodynamic parameters in the literature [80], the verti-
cal section with constant Mg (89.2 wt.%) from the Mn-free to
2.0 wt.% Mn is calculated and presented in Fig. 17. It reveals
that a (Mg) single phase field is stable within the composition
range from 0 to 1.1 wt.% Mn and the temperature range from
320 to 580 °C. This region is a good choice for alloy homog-
enization. Mg–10Gd–0.8Mn (wt.%) is selected to discuss the
suitable heat treatment scheme. It can be seen from Fig. 17 that
when the homogenization temperature increases to about
550 °C, a single phase field of (Mg) will be present, which is
suitable for solution treatment. Besides, the available aging
temperature range is from 320 °C to 520 °C, in which region
the (αMn) particle will be precipitated and could strengthen the
alloy matrix. Fig. 18 exhibits the calculated quantitative infor-
mation of the phase fractions of Mg–10Gd–0.8Mn (wt.%),
which shows that the (αMn) will form below 530 °C and
Mg5Gd will precipitate below 320 °C.
6. Conclusion
A 23-component Mg database (Mg–Ag–Al–Ca–Ce–Cu–Fe–
Gd–K–La–Li–Mn–Na–Nd–Ni–Pr–Si–Sn–Sr–Th–Y–Zn–Zr)
has been developed using the CALPHAD method and first-
principles calculation, supplemented with key experiments with
Fig. 16. Mole fractions of phases in Scheil solidification state of alloys: (a) Mg–10.06Gd–1.13Y–0.47Zr alloy; (b) Mg–4.65Y–2.75Nd–3.82Gd–0.54Zr alloy.
Fig. 17. Calculated vertical section at constant 89.2 wt.% Mg.
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the help of XRD, SEM/EDX, EPMA, DSC and TEM. This
database can be utilized to calculate stable and metastable phase
equilibria, scheil solidification and thermodynamic properties
for all assessed binary and ternary or high-order constituent
systems.
Some commercial Mg–Al based alloys such as AZ, AE, AJ,
AM, AS, and AX, Mg–Zn–Zr alloys, such as ZK60, Mg–RE
(rare earth)–Zn (EZ) alloys, and Mg–RE–Zr alloys, such as
WE, have been tested by non-equilibrium solidification simu-
lation based on this Mg database. The simulated results are in
good agreement with those of the as-cast alloys reported in the
literatures. Validation of extensive calculations shows that this
thermodynamic database of Mg alloys can be used for simulat-
ing solidification processes of multicomponent alloys of indus-
trial relevance and helping to design the process of heat
treatment for Mg-alloys.
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